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Abstract 30
Shorebird populations are declining worldwide due to the combined effect of climate change 31 and anthropogenic forcing, the ongoing coastal urbanisation amplifying the alteration of their 32 habitat in both rate and magnitude. By focusing on a highly anthropogenically-influenced 33 region in Northern France, we studied the impact of a seawall construction on wintering 34
shorebird populations through potential alterations in the abundance and availability of their 35 food resources. We concurrently investigated changes in the spatial distribution of muddy-36 sand beach macrobenthic communities between two periods of contrasting anthropogenic 37 impacts and examined year-to-year trends of wintering shorebirds. Our study reveals that the 38 seawall construction led to a major spatial reorganisation of the macrobenthic communities 39 with a drastic reduction of the muddy-sand community. However, no relation between 40 macrobenthic changes and shorebird abundances was detected. Fluctuations in shorebird 41 abundances appeared to be congruent with flyway population trends. This result suggests that 42 the response of shorebirds to human-induced perturbations is much more complex than 43 expected. While an assessment of potential disturbances induced by coastal engineering 44 constructions is needed, the pathways by which alterations could propagate through an 45 ecosystem are not linear and as such difficult to determine. Ecosystems appear as complex 46 adaptive systems in which macroscopic dynamics emerge from non-linear interactions at 47 entangled smaller/larger scales. Our results confirm that an in-depth knowledge of the local, 48 regional and global factors that influence trends of shorebirds and their habitat use is essential 49 for accurate and effective management and conservation strategies. 50
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Introduction 54
The world"s ocean shores, mainly dominated by sandy beaches (Schlacher et al., 2008) , 55 represent an important component in processing large quantities of organic material and 56 recycling nutrients back to coastal waters (McLachlan and Brown, 2006) . These zones also 57 provide permanent or transitory habitats for many invertebrates (zooplankton, benthic macro-58 and meiofauna and insects) and vertebrates (fishes, turtles and shorebirds) for reproduction, 59
nurseries, migration or feeding (Schlacher et al., 2008; Defeo et al., 2009 ). In beach 60 ecosystems, primary and secondary consumers, mostly represented by benthic organisms 61 (Raffaelli and Hawkins, 1999) , are consumed by top-predators such as shorebirds and fishes 62 (Dugan et al., 2003; McLachlan and Brown, 2006) . 63
Because of low food resources compared to estuarine and wetlands systems ( 
Long-term changes in shorebird populations 165
Changes in coastal shorebird abundances in the studied area were investigated using data 166 from annual reports of the wintering shorebirds monitoring programme (mid-January counts Calidris alpina, Oystercatcher Haematopus ostralegus and Grey plover Pluvialis squatarola 175 (supplementary material appendix A; in bold). Since species abundance data (number of 176 shorebirds counted during the period) exhibited skewed distributions, data were log-177 transformed before performing further analysis (Jolliffe, 2005) . 178
To extract major long-term changes in both the abundance and composition of coastal 179 shorebird populations in the "Hemmes de Marck" beach from 1980 to 2012, a standardised 180 principal component analysis (PCA for table with missing data; Bouvier, 1977) was 181 performed on the correlation matrix (30 years × 5 species) and the first two principal 182 components were retained for further examination. This approach allowed in a single analysis 183
(1) the characterisation of the main long-term pattern in species, (2) the examination of 184 synchronicity (the correlation between each species and the principal components) and (3) the 185 detection of potential temporal discontinuity (Legendre and Legendre, 2012) . 186
As a complement, individual species trends were tested using a non-parametric Spearman 187 rank correlation (ρ) between observations and time. Significance was evaluated with 1000 188 permutations (Legendre and Legendre, 2012) . Analyses were performed with the "trend.test" 189 function of the R package "Pastecs" (Grosjean and Ibanez, 2002). 190 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The second community was located in the mid shore (in blue; Fig. 2a Haustorius arenarius (17%) and Urothoe brevicornis (9%), and the polychaete Nephtys 218 cirrosa (5%). 219 These three macrobenthic communities had similar densities and biomasses (Table 1) . 220
After application of a Kruskall-Wallis test (threshold p < 0.05), we only detected a significant 221 difference between sandy community species richness (A2.23; 9.0 ± 3.2 species; Table 1) and  222 muddy-sand community species richness (A2.24; 4.7 ± 1.9 species; Table 1 ). 223
The strandline (A2.21), located along the dunes, was determined using the DFO method 224 as no benthic sampling was performed in this area (in orange; Fig. 2a ). This community 225 covered an area of 0.26 km 2 (Table 1) Table 1 ). The muddy-sand community disappeared, firstly from the 254 western part of the studied area, replaced by the Polychaetes/Amphipods dominated fine sand 255 shores community, and secondly from the highest tidal levels replaced by the strandline and 256 the Amphipods and Scolelepis spp. in littoral medium-fine sand community. 257
Long-term changes in shorebird abundances 258
Year-to-year changes in the first principal component (PC1; 41% of the total variability) 259 of the PCA applied on shorebird abundances showed low values (mostly negative) of the 260 component from 1980 to the mid-90"s, followed by a rapid increase in the trend and relatively 261 high values (mostly positive) from 1996 until 2012 (Fig. 3a) . Examination of the first 262 eigenvector indicated that Sanderling (Calidris alba), Oystercatcher (Haematopus ostralegus) 263 and, to a lesser extent, Red knot (Calidris canatus islandica) were positively correlated to the 264 PC1 (Fig. 3b) , suggesting an increase in their abundances. In contrast, Grey plover (Pluvialis 265 squatarola) and Dunlin (Calidris alpina) were negatively correlated to this component ( significantly decreased (ρ = -0.50, p < 0.005; Fig. 4d ). No significant trend was noted for 278 Dunlin (Fig. 4e ) and the total shorebird abundances (Fig. 4f ). Looking at each species trend 279 before and after 1997 (i.e. change detected by examination of the first principal component; 280 Fig. 3a) , Sanderling was the only species with a significant increasing trend (ρ = 0.41, p < 281 0.05) between 1980 and 1996 (Fig. 4b) . No significant trend was observed for the 1997-2012 282 period. 283
Associations between shorebirds and macrobenthic communities 284
For the two years, feeding shorebirds were located in the high and mid shore in the centre 285 of the study area (Fig. 2) . They were also found in the high shore of the western part of the 286 beach in 1982 (Fig. 2a) . 287
In 1982, 56% of the area used by shorebirds was located in the muddy-sand community 288 dominated by Polychaetes and Bivalves, 31% in the Amphipods and Scolelepis spp. in littoral 289 medium-fine sand community, 11% in the fine sand community dominated by Polychaetes 290
and Amphipods and only 2% in the strandline. 291
In 2010, concurrent with changes in macrobenthic communities (i.e. in densities, 292 biomasses and spatial distribution), our results revealed changes in shorebird feeding zones 293
( Fig. 2b) : 48% of the feeding area was located in the muddy-sand community dominated by 294
Polychaetes and Bivalves, 51% in the Amphipods and Scolelepis spp. in littoral medium-fine 295 sand community and 1% in the strandline. No bird was observed feeding or foraging in the 296 fine sand community dominated by Polychaetes and Amphipods. 297
Discussion 298
In a preliminary study of the potential impact of the Calais harbour extension, Richard Since the last decade, the study site has hosted increasingly important Knot numbers. In our study, we did not detect an immediate response of shorebirds to modifications in 387 macrobenthic communities. The distribution and availability of food resources did not appear 388 to be the main driver of shorebird populations during the period 1980-2012 in our study site, 389
i.e. at a local spatial scale. However, our results revealed a major modification in shorebird 390 abundances circa 1996-1997, a change already observed at larger spatial scale for Grey 391 plover, Oystercatcher and Knot. A concomitant abrupt change in the mid-90"s has already 392 been observed in both terrestrial and marine realms: e.g. short-distance migratory raptors at anthropogenic perturbation did not impact wintering shorebirds? Food usually appears to be 406 the main factor driving the distribution of shorebirds, and a general relationship between the 407 density of birds in an intertidal area and the amount of food available for a given species 408 exists (Prater, 1981) . In the Mont-Saint-Michel bay, of prime importance for wintering 409 shorebirds in France, Eybert et al. (2003) showed that the decrease in four shorebird species 410 (Oystercatcher, Dunlin, Red knot and Bar-tailed godwit (Limosa lapponica)), was related to 411 both a reduction in their preferred preys and an increase in human disturbances (mussel and 412 oyster farming). In the bay of Seine, the reduction by 20% of the mudflat area induced by the 413   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 for their help during benthic sampling. We are also grateful to the handling editor Vincent 440
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